A project to assess the levels of leakage in 30 water utilities throughout South Africa was initiated by the Water Research Commission. The BENCHLEAK software was used to evaluate the water utilities and performance indicators calculated by the model were used to compare levels of non-revenue water. Results showed that utilities ranked differently according to the different indicators, and that the South African results are similar to world norms.
Introduction
There is an increasing awareness in South Africa that water is limited and that careful management should be applied when dealing with this scarce resource. Water lost from potable water distribution systems remains a major issue when examining the overall water wasted throughout the country. The BENCHLEAK software was developed through the Water Research Commission to provide a simple yet pragmatic approach to the evaluation of leakage from potable water distribution systems. The model is used to assist water utilities to evaluate the levels of leakage and nonrevenue water in their water distribution systems.
A project was previously initiated by the Water Research Commission in order to develop a standardised software package (BENCHLEAK) and undertake some initial evaluations on selected water utilities in South Africa. This first project did not allow for analysis and checking of the data and results that came from the water suppliers due to budget and time constraints and there were many anomalies which were identified but never corrected. As the software has now been available for sometime in South Africa, it was considered worthwhile to build on the previous work and to carry out a detailed analysis of leakage in selected water utilities. The project was then initiated to compare the levels of leakage of 30 water utilities in South Africa. The results will become part of a larger International Water Association (IWA) initiative to gather leakage information from around the world by creating an international data set which will allow comparisons to be made of leakage levels between various countries. A number of water utilities in South Africa were requested to provide data on their respective systems including length of mains, number of service connections, average operating pressure, systems input volume and the components of authorised consumption. The data were processed through the BENCHLEAK model and the results carefully screened for errors.
While the main aim of the project was to gather a data set of water suppliers in South Africa and to determine the levels of leakage being experienced, it was also necessary to investigate certain issues in depth to ensure that a standard format was being used. Some confusion had been experienced by the water utilities in the previous project with regard to certain of the input parameters for the model, namely, the number of service connections and the estimation of apparent losses. It is of little value comparing water utilities if they have made their own assumptions with regard to key elements of the benchmarking calculation.
For this reason, standard drawings were developed to assist users in assessing the number of service connections in their systems as well as the levels of apparent losses. The apparent loss figure was previously very subjective and open to interpretation. In this project the apparent losses have been evaluated in a more detailed and pragmatic approach. The age of the meters and the number of illegal connections are the main factors influencing the apparent losses in South Africa. The apparent losses for each individual water utility have been assessed according to these factors.
This paper presents the main findings of the project. Results from the various water utilities included in the data set are presented and discussed. Standard approaches for dealing with various inputs required for the model have been developed and are presented.
The BENCHLEAK model
The BENCHLEAK model was developed through the Water Research Commission in order to facilitate the evaluation of leakage levels and, in particular, non-revenue water, in potable water distribution systems (Mckenzie and Lambert, 2002) . It is a simple, user-friendly model that is based on an excel spreadsheet and provides various performance indicators for non-revenue water and real losses. The model was used in the evaluation of 30 water utilities throughout South Africa, which were then compared to international water utilities. The input for the model was provided by the water utilities and a brief description of each follows. 
BENCHLEAK input

Length of mains
The length of mains is the total length of the bulk and distribution mains in a particular system. All pipes excluding the connection pipes are considered to be mains. This value can sometimes cause confusion in that water utilities are unsure as to what it includes. It is in fact the total length of transmission and distribution mains.
Number of service connections
This value has been a topic of debate amongst many water demand management specialists, and is discussed in more detail later in this paper. It is defined as the number of connections to the mains.
Operating pressure
The average operating pressure for the whole system over the period in question.
Population
The population that is served by the water utility in question. This parameter plays no real role in the model and is simply used to calculate the per capita consumption.
System input volume
The total volume input into the water supply system, allowing for known errors. It is broken up into water supplied by own sources as well as water supplied by other suppliers.
Components of authorised consumption
Also divided into various sections namely, billed metered, billed unmetered, unbilled metered and unbilled unmetered. Examples of each of these can be seen in Table 1 .
Unavoidable annual real losses (UARL)
The minimum level of real losses for a specific system that can be achieved under the most efficient operating conditions. It is an indication of the level of leakage that can theoretically be achieved if everything possible is done to minimise the leakage and is generally not an achievable target for most water suppliers, since the UARL is well below the economic level of leakage.
Apparent losses (AL)
Unauthorsied consumption (theft or illegal use) as well as all technical and administrative inaccuracies associated with customer metering and billing. It is given as a percentage of the total water lost in the system ie. system input less the authorised consumption. A systematic estimate should be made from local knowledge of the system and an analysis of technical and administrative aspects of the customer metering system. Apparent losses are discussed in more detail later.
Current annual real losses (CARL)
The physical water losses from the pressurised system, up to the point of measurement of customer use. Calculated as the total water lost less the apparent losses. The annual volume lost through all types of leaks, bursts and overflows depends on frequencies, flow rates, and average duration of individual leaks.
Infrastructure leakage index (ILI)
The infrastructure leakage index is a non-dimensional index which provides an indication of how serious the leakage occurring in a particular area is compared to the theoretical minimum level of leakage that can be achieved. It is a ratio of the Current Annual Real Losses to Unavoidable Annual Real Losses (Lambert et. al, 1999) .
Results from 30 water suppliers
The main objective of the project was to gather data from as many water suppliers throughout South Africa as possible, and to enter the data into the BENCHLEAK model. The output was then closely screened for errors, and a representative short list of 30 suppliers was developed. Missing data was the main reason for leaving out suppliers which had volunteered information. Table 2 provides data from the short listed suppliers. Each supplier has been allocated a number to which it will be referred.
The ILI values for the 30 suppliers range from 0.08 to 15.96. No. 4's 0.08 is a result of the very similar system input value (19 179 10 3 m 3 /year) and authorised consumption value (19 089 10 3 m 3 /year) and is very likely incorrect. The ILI value often highlights problems with the suppliers base data due to either meter error or simple fudging of information. Anything under 2.0 in South Africa should be reviewed critically as it is likely to be erroneous due to some form of data error. Utilities 12 and 21 require closer examination and no. 4 will be left out of the final data set. No. 8 has a very high ILI value due to the high difference in input 
Valuation of real and apparent losses
For this section unit values are derived from the costs of water purchased and the average price of water sold by the water utility. An annual cost of running the system is also input required by the model.
BENCHLEAK output
The BENCHLEAK model carries out a number of calculations providing the user with useful output that can be used to compare various water utilities. The main comparison values are as follows: The apparent losses have been presented in units of litres per connection per day rather than m 3 /year in order to best compare them. The average is 82.83 litres per connection per day. Utility 11 has the highest apparent losses of 268 litres per connection per day.
The average annual real loss is 340 litres per connection per day. This compares to the International data set average of 276 litres per connection per day. An average of 15.74 10 3 litres per km mains per day was obtained for the 30 utilities. The international data set's average was 12.55 10 3 litres per km mains per day. One can see from the four graphs presented here that various performance indicators can be used to compare water utilities. Utility 8 has the highest ILI value, but its ARL is not the highest. Utility 11 has the highest ARL value of 1073.7 litres per connection per day which is unacceptably high.
Problem areas
At the outset of the project, a few problem areas existed that caused confusion for the water suppliers providing information. An objective of the project was to highlight these "grey areas" and to propose standard solutions to be used in the future. The first issue is that of the number of service connections. It was unclear precisely what this number meant and which was the best way to represent the number of service connections. Another unclear area that required clarification was that of apparent losses. Previously, a value of 20% was suggested as a lump sum of the total losses and this was assumed to be apparent losses. However, this is not entirely correct due to the many factors that contribute to apparent losses. Apparent losses could be well above 20% in some areas, and might not necessarily be 20% in others. Lastly the length of underground pipe was looked at. This value is included in the calculation of UARL, and it was not clear exactly what length was required. These three problem areas are discussed in more detail in the following section.
Number of service connections
The IWA Manual of Best Practice 'Performance Indicators for Water Supply Services' (Alegre et. al., 2000) clearly defines a service connection as "the authorised pipe connecting the main to the measurement point or the customer stop-valve, as applicable. Where several registered customers or individually occupied premises share a physical connection or tapping off the main, eg. apartment buildings, this will still be regarded as the one connection for the purposes of the applicable Performance Indicator, irrespective of the configuration and number of customers or premises". The "number of service connections" Ns variable is used to calculate the UARL in a system, by taking into consideration the unavoidable leakage expected to occur on service connections between the main and the stop-valve or property line. It is then added to the other components of UARL (on mains, and on pipes between the stop-valve / property line and the customer meter) to calculate the total UARL as follows: where: UARL = Unavoidable Annual Real Losses (l/conn·d) Lm = length of mains (km) Ns = number of service connections Lp = length of unmetered underground pipe from street edge to customer meter (km) P = average operating pressure at average zone point (m)
Experience shows that most water suppliers do not know how many saddle connections they have and what proportion support one, two, four or eight properties. However, they do usually have information on the numbers of billed accounts, customer meters, or stands (the South African term for defined plots of land). It is also usually possible to count the number of stop-valves sited outside the stands, typically in the pavement. By considering a representative sample of service connection layouts for a particular system, it is usually possible to produce a correlation between one of these parameters (billed accounts, customer meters or stop-valves) and the number of service connections Ns (physical connections to the mains) for that particular system.
Figure 5 A single billed metered property on a street, situated on a single stand. There is one physical connection from the main that goes to the stop-valve, on to the external meter in the pavement and then on to the stand/property.
Figure 6 Two single billed metered properties on a street, each situated on their own separate stands. There are two physical connections onto the main, one for each property, and therefore also two stop-valves and two meters.
If all service connection layouts were as simple as Figures 5 and 6 that follow, there would be no uncertainty in calculating Ns from one of the other parameters, the ratio would be one to one. However, there is a wide variety of different layouts in South Africa and an even wider range internationally. In practice the situation in most reticulation systems is not clear-cut and defining the number of service connections can sometimes be confusing. According to the current IWA definition of a service connection, Figure 6 would count as two service connections. In contrast, the layout for two separate properties in Figure 7 below would only count as one service connection, as there is only one physical connection to the main. However, the argument arises:-does the system layout in Figure 6 necessarily produce double the unavoid-able leakage than that of the Figure 7 layout? The number of "fittings" (here defined as points breaking the pipe's continuity, excluding the meter) where background leakage and detectable leaks are most likely to occur, is four for Figure 6 and also four for Figure 7 (Figure 6 being at the two physical connections to the main and the two stop-valves; Figure 7 being the one physical connection onto the main, the T-piece and the two stop-valves). Therefore, theoretically the unavoidable leakage resulting from Figure 7 should be approximately the same as the unavoidable leakage from Figure 6 . For this reason it was proposed that the configuration shown in Figure 7 be considered as 2 connections. Similarly, Figure 8 would represent 4 connections, even though there is only one mains tapping.
Figure 7 Two billed metered properties on a street, each situated on their own stand. There is only one physical connection onto the main, with a T-piece on the connection pipe to the second house.
There are two meters.
Figure 8 Two properties on one side and two on the other side of a street. There is only one physical connection onto the main, with two connection pipes, one to each side of the street. Each connection pipe then branches at a T-piece to two stop-valves, each with its own meter.
A trend become evident having looked at the diagrams closer and the proposal was therefore made to make Ns equal to the number of properties, or stop valves, which is in most cases the same as the number of customer meters. This is in contradiction to the IWA definition in that when more than one premises share a particular connection or tapping off the main, the proposal was to choose the number of connections equal to the number of premises rather than the number of connections. The main purpose for the change was to reduce the complexity of gathering data with a method of approaching the Ns value on a more practical basis. This proposal was accepted by the IWA with a few notable exceptions. A valid point put forward was the topic of confidence limits. New leakage assessment models currently available (Aqualibre and Fastcalc) have the option to include 95% confidence limits for all parameters, including the Ns. A moderate uncertainty in Ns will have comparatively little effect upon the 95% confidence limits for the Performance Indicator.
A main concern when using the number of properties or meters was in situations where a block of flats is served by one tapping off the main. Some apartment blocks in parts of Europe contain only one service connection serving numerous customer meters each adjacent to its own stop-valve. As these meters tend to be read frequently, any leaks at the stop-valve or meter should be quickly detected as part of the meter reading process, and it would be overgenerous to use the number of stop-valves as a surrogate for Ns when calculating the UARL. It was this which lead to considering the merits of standardising on counting the number of stop-valves, but reducing the '0.80' coefficient for Ns in situations where the ratio of "number of stop-valves to number of physical connections to mains" is large (Lambert, 2004) .
For the UARL calculation, the coefficient of 0.8 l/service conn/ day/metre of pressure used in the equation was based on one service connection to one customer. Rather than changing the way Ns is calculated for different situations, it was decided that it would be more practical to change the coefficient applied to Ns for some situations. The equation was proposed, relating the coefficient (0.8) to the ratio of number of stop-valves to number of physical connections to the main (Nm).
The value of 'A' could be adjusted to give coefficients which tied in with theoretical calculations based on number of joints. Perhaps one of the most significant sources of error or confusion occurs when the 'number of billed accounts' is used as a surrogate for Ns when calculating UARL. If the 'number of billed accounts' is the only data readily available, then it was suggested that the number of billed accounts be multiplied by an assessed factor (less than 1) which takes into account the numbers of billed accounts served by a single service connection, with 95% confidence limits.
For example, consider a utility with 500 000 billed accounts, of which 400 000 have their own separate service connection; the remaining 100000 billed accounts are in multi-residential blocks. If the average number of multi-residential accounts per multiresidential block is 10, and each multi-residential block has one service connection, then the number of service connections is: 400 000 + 1 x (100 000/10) = 410,000 and the ratio of service connections to billed accounts is: 410 000 / 500 000 = 0.82 with 95% confidence limits of (say) + 5%.
Apparent losses
Apparent losses, often referred to as non-physical or paper losses, are in many cases the most expensive water losses to occur from a system since they represent a direct loss of revenue to the water supplier. In cases where the water bills are based on the metered consumption, any losses occurring due to meter error or data handling and/or processing, will result in reduced sales revenue (Thornton and Rizzo, 2002) . Available on website http://www.wrc.org.za
Meter error is often thought to be the main cause of apparent losses in a water system and can be due to wear and tear, incorrect meter installation, lack of maintenance, incorrect meter type or incorrect sizing. Data transfer errors can also contribute to the apparent losses. These can include merely recording an incorrect reading, incorrect interpretation of a decimal point or incorrect calibration of the meter. Estimated readings are often used to generate water accounts when a meter is situated in such a manner that it is difficult to read, and such assumed figures are often inaccurate.
Another contribution to apparent losses in South Africa and other developing countries is theft or illegal connections. Water may be stolen from a number of points in the system, but most commonly it is stolen from the customer supply point or fire hydrants. Customers have been known to tamper with water meters, by placing a magnet close to the register magnets to interfere with the correct rotation of the register and therefore causing lower readings. Hydrants are often abused by construction workers, street cleaners, taxi drivers who wash their vehicles and others who merely use the water for drinking or bathing. In addition to blatant theft, many accounts go unnoticed in the system. An example may be a temporary construction feed, which eventually becomes a permanent supply point but is never metered, billed or included on the billing database.
In the past a simple lump sum was used to express apparent losses in terms of the total losses and a default value of 20% was suggested but could be changed by the user. This is a very simple approach, however, and is not scientific. In South Africa for example, an area such as Sandton in Johannesburg is unlikely to experience the same level of water theft as say Soweto, and might in fact have a policy of replacing or servicing their meters every 5 years or so. To then assume that both Sandton and Soweto be given an estimate of 20% for apparent losses would be unrealistic. To overcome this problem a simple yet effective approach was adopted.
Water utilities were asked to classify their expected illegal connections as very high, high, average, low and very low. They were also asked to provide information on their water meters in terms of accuracy and age. Lastly they were asked to provide an estimate on the accuracy of their billing data in terms of good, average and poor. Table 3 presents a more pragmatic and realistic approach to the estimate of apparent losses for a typical system (ie. non flat rate tariff) based on the information received.
For example, in a non flat rate tariff area, if a water utility has a high occurrence of illegal connections (8 %), the meters in place are more than 10 years old but the water quality of the area is fairly good (8 %) and the data transfer side is average (5 %), the apparent loss estimate would be 21 %.
The information on the meters was estimated from the fact that Europe has a compulsory replacement programme on all meters every five years. Most of the domestic meters in place in South Africa are similar to the European meters. Many factors play a role in the accuracy of a meter, but were excluded in order to minimise complexity, with the exception of the water quality factor which has a major influence on the lifespan of a water meter.
The flat rate tariff ratio is to include areas, such as townships, where the flat rate charged is less than the amount actually being used, which can have a major impact on apparent losses. The following example can be used to illustrate the problem. If an area with 43 000 connections is charged on a flat rate of 10 kl/month. This value may not necessarily be recovered by the users, however, it is billed and is therefore considered to be part of the billed authorised component of the water balance. This amounts to 5.16 mill m 3 / year. However, the water utility measures the water supplied to be 25 mill m 3 /year. The sewerage return flow measured to be 18 mill m 3 / year and garden irrigation is estimated to be 2 mill m Figure 9 shows a pie cart of the example area.
It should be noted, however, that it is unlikely that the apparent losses can all be converted to revenue water by proper metering and billing since when payment is enforced, the level of consumption is likely to reduce dramatically. This is contrary to the normal assumption that reduction of apparent losses will result in greater revenue water. The normal practice of multiplying the apparent losses by the selling price of water is not appropriate in some cases and a more realistic value of the losses can be estimated using the purchase price (or product price) of water.
Length of underground pipe
The last issue that requires clarity is the length of underground pipe which is the third term in the UARL calculation. There was some confusion over what should be included and what is already taken into account in the Ns component of the calculation. If the meters are located at a street edge then it is assumed a particular length of pipe has already been included in the connection component of the UARL. In such cases, no additional allowance is made for the length of underground pipe. It is only included when it is located beyond the property boundary in which case the average length of underground pipe is used.
The section after the street /property line can be ignored in the South African context, as most meters are located close to the street / property line, and this length has already been included in the Ns part of the UARL calculation.
Summary
The BENCHLEAK software is a powerful tool for assessing and comparing leakage amongst water utilities, both local and international. From the results of the 30 South African water utilities to be included in the international data set, it appears that South Africa is in accordance with world norms in terms of their performance indicators. There is room for improvement for some water utilities and suggestions have been made on how to achieve better levels of leakage.
In summary, the solution proposed to solve the number of service connections debate is to base the calculation of Ns on the number of stop-valves and to include hydrants with separate mains connections. For systems where the ratio of stop-valves to physical connections is high, reduce the coefficient for Ns in the UARL equation in accordance with a published table.
The apparent losses have been looked at in more detail in this project and a more pragmatic approach is proposed. This is to break the apparent loss components down into various factors that contribute, and to assess each water utility differently according to these factors rather than merely using a lump sum estimate of apparent losses.
